Abstract. Radiative capture reaction rates for 6 He, 9 Be and 17 Ne formation at astrophysical conditions are studied within a three-body model using the analytical transformed harmonic oscillator method to calculate their states. An alternative procedure to estimate these rates from experimental data on low-energy breakup is also discussed.
Introduction
Radiative capture reactions are crucial for the stellar models aiming to describe the evolution in composition, energy production and temperature structure of different astrophysical environments [1] . For two-body reactions involving stable nuclei, the direct experimental measurement of the relevant cross section gives directly the astrophysical quantity. In many cases, however, reaction cross sections may not be measured directly. This may occur if the initial nucleus is exotic [2] , or when the capture process is a three-body reaction [3] . Three-body radiative capture processes are essential in overcoming the A = 5, 8 instability gaps, and traditionally they have been described as two-step sequential reactions [4] . However, it has been shown that the direct three-body capture may play an important role at low temperatures, where the particles have no energy to populate intermediate resonances [5] . Radiative capture reaction rates can be obtained from the inverse photodissociation cross section, which can be calculated within a proper three-body model for the compound nucleus [6] . In this work, we summarize some recent results on three-body capture reactions and discuss future developments.
Theoretical framework and applications
The energy-averaged reaction rate for three-body a + b + c → A + γ radiative capture processes can be calculated from the inverse photodissociation reaction as a function of the temperature T by the expression [6, 7] 
e-mail: jcasal@us.es where ε = ε γ + ε B is the initial three-body kinetic energy, ε γ is the energy of the photon emitted, and ε B is the ground-state energy of the compound nucleus A. Here, C 3 is a constant depending on the masses and spins of the initial particles. The photodissociation cross-section σ γ (ε γ ) of the nucleus A can be expanded into electric and magnetic multipoles, λ, as [8] 
where B(Oλ) is the order λ of electric or magnetic transition probability (O = E, M). The previous expressions make no assumption about the reaction mechanism, thus including sequential and direct, resonant and non-resonant contributions on an equal footing. In computing the reaction rate given by Eq. (1), only the corresponding transition probability distributions of the compound nucleus A are required. To this purpose, we recently applied the analytical transformed harmonic oscillator (THO) method to study the Borromean nuclei 6 He [7] , 9 Be [9, 10] and 17 Ne [11] and their formation at astrophysical conditions.
Formation of
6 He, 9 Be and 17 Ne
It has been proposed that the α(2n, γ) 6 He reaction may play a role in the evolution of neutron star mergers [12] , one of the possible scenarios for the r-process nucleosynthesis. The reaction rate of the α(2n, γ) 6 He process is governed by E1 transitions between the 0 + ground state and 1 − continuum states [6] . In Fig. 1a , we show our computed reaction rate for 6 He formation, using the analytical THO method to generate 6 He states. The details about these structure calculations can be found in Ref. [7] . We compare our results with a previous sequential estimation assuming a dineutron formation [12] , showing important differences between them.
The two-proton capture reaction 15 O(2p, γ) 17 Ne may play a role for the rp-process in Type I X-ray bursts [13] . As in the preceding example, its formation is governed by E1 transitions. In this case, it is due to the presence of a low-energy 1/2 + resonance in 17 Ne. Details can be found in Ref. [11] . Our computed reaction rate, shown in Fig. 1b , is several orders of magnitude larger than the previous calculations in Ref. [14] . The possible implications of this difference should be investigated. Figure 1 . Reaction rate of (a) α(2n, γ) 6 He and (b) 15 O(2p, γ) 17 Ne using the THO method to generate 6 He and 17 Ne states. Our results are compared with previous estimations from Refs. [12, 14] . Figure 2 . (a) Photodissociation cross section of 9 Be using the THO method compared with the data from Refs. [3] (triangles) and [15] (circles). (b) Reaction rate of α(αn, γ) 9 Be compared with sequential estimations from Refs. [3, 4, 15] .
The formation of 9 Be has been also linked to the r-process, in this case in type II supernovae [3, 15] . The reaction rate of α(αn, γ) 9 Be is governed by low-energy resonances in 9 Be [6] , especially the near-threshold 1/2 + state. In Fig. 2 , we compare our calculations with the experimental data on the photodissociation cross section for 9 Be, including E1 and M1 transitions, and we show the corresponding reaction rates. Details can be found in Ref. [9] . Our calculations agree with sequential estimations at high temperature, but show an enhancement at low temperature coming from the threebody direct E1 capture to low-energy 1/2 + states. This effect cannot be described using the definition of the rate in Refs. [3, 15] , where a sequential process is assumed.
Reaction rates from inclusive breakup data
Radiative capture rates computed within different theoretical frameworks may exhibit important differences, as shown in Fig. 1 . We recently proposed an alternative method to estimate these reaction rates from inclusive low-energy breakup data on the compound nucleus [16] . When the process is E1-dominated, such as in the previous examples, the reaction rate can be obtained as
where P r is the reduced breakup probability [17] and t = a 0 v π + 2 sin(θ/2) is the collision time, associated with the temperature through t = 1/k B T . Here, a 0 is half the classical closest approach distance, and v is the relative projectile-target velocity. Equation (3) is valid only at small scattering angles, where the process is Coulomb dominated, and allows us to explore different astrophysical temperatures by measuring the breakup at different kinematic conditions. This is shown in Fig. 3 for 6 He + 208 Pb, which can provide information on the α(2n, γ) 6 He reaction. In Ref. [16] , the method was applied to the case of 11 Li, for which suitable experimental data were available [17] . For Figure 3 . Temperatures, in a color scale, at which the reaction rates for the α(2n, γ) 6 He process can be obtained, as a function of the scattering angle and bombarding energy in the 6 He + 208 Pb reaction. This is obtained from the definition of the collision time and the relation t = 1/k B T . White lines represent fixed temperatures in GK.
